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Abstract Gluons inside an unpolarized proton are in general linearly polarized in the direction of
their transverse momentum, rendering the LHC effectively a polarized gluon collider. This polarization
can be utilized in the determination of the spin and parity of the newly found Higgs-like boson. We
focus here on the determination of the spin using the azimuthal Collins-Soper angle φ distribution.
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In July 2012 the ATLAS and CMS collaborations announced the discovery of a new resonance [1; 2]
in their search for the Standard Model (SM) Higgs boson. The current experimental challenge is the
verification of all its properties as predicted by the SM, in particular its spin and parity [3; 4; 5; 6].
The SM spin and parity prediction needs to be verified in all its decay channels independently.
In the diphoton decay channel the analysis method is based on measuring the polar Collins-Soper
(CS) angle θ, which does not contain any information on the parity of the coupling, nor can it be used
to distinguish between all possible spin-2 coupling scenarios [7; 8; 9; 10; 11]. We propose a measurement
of the Higgs transverse momentum distribution as a way to determine its parity and a measurement
of the azimuthal CS angle φ as an additional way to determine its spin and to distinguish between the
different spin-2 coupling possibilities [12; 13; 14].
The underlying principle of these methods, relies on the fact that gluons are linearly polarized in
the direction of their transverse momentum when extracted from an unpolarized proton. This effect is,
as far as we know, not taken into account in event generators, which generate transverse momentum
by parton showers that leave the gluons unpolarized and consequently does not show up in ‘standard’
analyses. Using the framework of Transverse Momentum Dependent (TMD) factorization one can
systematically take into account partonic transverse momentum and polarization.
Transverse Momentum Dependent factorization
In the framework of Transverse Momentum Dependent factorization, the full pp→ γγX cross section
is split into a partonic gg → γγ cross section and two TMD gluon correlators, that describe the
distribution of gluons inside a proton as a function of not only its momentum along the direction of
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2the proton, but also transverse to it. More specifically, the differential cross section for the inclusive
production of a photon pair from gluon-gluon fusion is written as [15; 16; 17],
dσ
d4qdΩ
∝
∫
d2pTd
2kT δ
2(pT + kT − qT )Mµρκλ
(M κλνσ )∗ Φµνg (x1,pT , ζ1, µ)Φρσg (x2,kT , ζ2, µ), (1)
with the longitudinal momentum fractions x1 = q · P2/P1 · P2 and x2 = q · P1/P1 · P2, q the momentum
of the photon pair,M the gg → γγ partonic hard scattering matrix element and Φ the following gluon
TMD correlator in an unpolarized proton,
Φµνg (x,pT , ζ, µ) ≡
∫
d(ξ · P ) d2ξT
(xP · n)2(2pi)3 e
i(xP+pT )·ξ
〈
P
∣∣∣Fnνa (0)(Un[–][0,ξ])
ab
Fnµb (ξ)
∣∣∣P〉 ∣∣∣
ξ·P ′=0
= − 1
2x
{
gµνT f
g
1 (x,p
2
T , ζ, µ)−
(
pµTp
ν
T
M2p
+ gµνT
p2T
2M2p
)
h⊥ g1 (x,p
2
T , ζ, µ)
}
+ HT, (2)
with p2T = −p2T and gµνT = gµν − PµP ′ν/P ·P ′ − P ′µP ν/P ·P ′, where P and P ′ are the momenta
of the colliding protons and Mp their mass. The gauge link Un[–][0,ξ] for this process arises from initial
state interactions. It runs from 0 to ξ via minus infinity along the direction n, which is a time-like
dimensionless four-vector with no transverse components such that ζ2 = (2n·P )2/n2.
In principle, Eqs. (1) and (2) also contain soft factors, but with the appropriate choice of ζ (of
around 1.5 times
√
s), one can neglect their contribution, at least up to next-to-leading order [15; 17].
To avoid the appearance of large logarithms in M, the renormalization scale µ needs to be of order
Mh.
The second line of Eq. (2) contains the parametrization of the TMD correlator in the conventions
of Ref. [18], where fg1 is the unpolarized gluon distribution and h
⊥ g
1 the linearly polarized gluon
distribution. The Higher Twist (HT) terms only give power suppressed contributions at small transverse
momentum.
The effect of the linearly polarized gluon distribution is such that, for positive values, the probability
of finding a gluon with linear polarization along its transverse momentum is larger than the probability
of finding it perpendicular to it. For negative values, this is reversed. Full gluon polarization corresponds
to h⊥g1 saturating its upper bound, i.e., |h⊥g1 | = 2M2p/p2Tfg1 [18].
General structure of the cross section
The general structure of the differential cross section for the process pp → γγX follows from Eq. (1)
and (2) and can be written as (cf. Ref. [19])
dσ
dQdY d2qT d cos θ dφ
∝ F1 C [fg1 fg1 ] + F2 C
[
w2 h
⊥g
1 h
⊥g
1
]
+ F3 C
[
w3f
g
1 h
⊥g
1 + (x1 ↔ x2)
]
cos(2φ)
+ F ′3 C
[
w3f
g
1 h
⊥g
1 − (x1 ↔ x2)
]
sin(2φ) + F4 C
[
w4 h
⊥g
1 h
⊥g
1
]
cos(4φ), (3)
up to corrections that are q2T/Q
2 suppressed at small qT . The cross section is differential in Q, Y
and qT , which are the invariant mass, rapidity and transverse momentum of the pair in the lab frame
and in the Collins-Soper angles θ and φ. The latter two are defined as the polar and azimuthal angle
in the Collins-Soper frame [20], which is the diphoton rest frame with the xˆzˆ-plane spanned by the
3-momenta of the colliding protons and the xˆ-axis set by their bisector. The convolution C is defined
as
C[w f g] ≡
∫
d2pT
∫
d2kT δ
2(pT + kT − qT )w(pT ,kT ) f(x1,p2T ) g(x2,k2T ), (4)
in which the longitudinal momentum fractions are given in the aforementioned kinematical variables
by
x1,2 = e
±Y
√
Q2 + q2T
s
. (5)
3The weights that appear in the convolutions are defined as
w2 ≡ 2(kT ·pT )
2 − k2Tp2T
4M4p
,
w3 ≡ q
2
Tk
2
T − 2(qT ·kT )2
2M2pq
2
T
,
w4 ≡ 2
[
pT ·kT
2M2p
− (pT ·qT )(kT ·qT )
M2pq
2
T
]2
− p
2
Tk
2
T
4M4p
, (6)
and the Fi factors can be expressed as,
F1 =
∑
λ1,λ2,λ3,λ4
Mλ1λ2λ3λ4
(
Mλ1λ2λ3λ4
)∗
,
F2 = 2
∑
λ3,λ4
Re
[
M++λ3λ4
(
M−−λ3λ4
)∗]
,
F3 =
∑
λ,λ3,λ4
Re
[
Mλ−λ3λ4
(
Mλ+λ3λ4
)∗
+M+λλ3λ4
(
M−λλ3λ4
)∗]
,
F ′3 =
∑
λ,λ3,λ4
Im
[
Mλ−λ3λ4
(
Mλ+λ3λ4
)∗ −M+λλ3λ4 (M−λλ3λ4)∗] ,
F4 = 2
∑
λ3,λ4
Re
[
M+−λ3λ4
(
M−+λ3λ4
)∗]
, (7)
in terms of the gg → γγ helicity amplitudes, that are defined by
Mλ1λ2λ3λ4 ≡ λ1µ (p)∗λ2ν (k)∗Mµνρσλ3ρ (q1)λ4σ (q2), (8)
in terms of the covariant polarization vectors,
µλ(p) = 
µ
−λ(k) =
1
2
√
∆
(
µpkq1 − iλLµ) ,
µλ(q1) = 
µ
−λ(q2) =
1
2
√
∆
(
µpkq1 − iλKµ) , (9)
in which
∆ ≡ (k · q1)(p · q1)(p · k)
Lµ ≡ (k · q1)pµ + (p · q1)kµ − (p · k)qµ1 ,
Kµ ≡ (k · q1)pµ − (p · q1)kµ + (p · q1 − k · q1)qµ1 . (10)
Partonic cross section
We will consider the partonic process gg → Xi → γγ, where Xi can either be a spin-0, spin-1 or spin-2
boson. The helicity amplitudes, as defined in Eq. (8), will be given in the following matrix notation,
MXi =
M
+−+− M+−++ M+−−− M+−−+
M+++− M++++ M++−− M++−+
M−−+− M−−++ M−−−− M−−−+
M−++− M−+++ M−+−− M−+−+
 . (11)
4Spin-0
For a spin-0 boson the helicity amplitudes read
MX0 =

0 0 0 0
0 V ++gg0 V
++
γγ0
∗
V ++gg0 V
−−
γγ0
∗
0
0 V −−gg0 V
++
γγ0
∗
V −−gg0 V
−−
γγ0
∗
0
0 0 0 0
 , (12)
in which V ±±gg0 and V
±±
γγ0 are the ggX0 and γγX0 helicity vertices. We will assume equal coupling to
gluons and photons and express the helicity vertices in the conventions of Refs. [8] and [9], i.e.,
V ++gg0 = V
++
γγ0 = a1 +
1
2
ia3,
V −−gg0 = V
−−
γγ0 = a1 −
1
2
ia3, (13)
up to a constant factor that will be irrelevant for us as we will only be interested in distributions and
not the absolute size of the cross section. In this parametrization of the vertex, the following non-zero
F factors in Eq. (3) are obtained
F1 = (4|a1|2 + |a3|2)2,
F2 = (4|a1|2 + |a3|2)(4|a1|2 − |a3|2), (14)
again up to a constant factor.
Spin-1
For a spin-1 boson the helicity amplitudes would read
MX1 =

0 0 0 0
0 −V ++gg1 V ++γγ1
∗
cos θ −V ++gg1 V −−γγ1
∗
cos θ 0
0 −V −−gg1 V ++γγ1
∗
cos θ −V −−gg1 V −−γγ1
∗
cos θ 0
0 0 0 0
 , (15)
which has the following behavior under interchange of either initial or final state particles, MX1(θ) =
−MX1(θ + pi). However, for identical particles in either the initial our final state, one should have
MX1(θ) = MX1(θ + pi). This implies that, for identical particles, V
++
1 = V
−−
1 = 0 and that this
partonic channel is thus forbidden, in accordance with the Landau-Yang theorem [21; 22]. In case of
non-identical particles, the behavior of a spin-1 resonance would be equal to that of a spin-0 boson,
but with a characteristic cos2 θ dependence of the cross section.
Spin-2
For a spin-2 boson the helicity amplitudes read
MX2 =
V +−gg2 V
+−
γγ2
∗
cos4
(
θ
2
)
V +−gg2 V
++
γγ2
∗√ 3
8 sin
2(θ) V +−gg2 V
−−
γγ2
∗√ 3
8 sin
2(θ) V +−gg2 V
−+
γγ2
∗
sin4
(
θ
2
)
V ++gg2 V
+−
γγ2
∗√ 3
8 sin
2(θ) V ++gg2 V
++
γγ2
∗ 3 cos(2θ)+1
4 V
++
gg2 V
−−
γγ2
∗ 3 cos(2θ)+1
4 V
++
gg2 V
−+
γγ2
∗√ 3
8 sin
2(θ)
V −−gg2 V
+−
γγ2
∗√ 3
8 sin
2(θ) V −−gg2 V
++
γγ2
∗ 3 cos(2θ)+1
4 V
−−
gg2 V
−−
γγ2
∗ 3 cos(2θ)+1
4 V
−−
gg2 V
−+
γγ2
∗√ 3
8 sin
2(θ)
V −+gg2 V
+−
γγ2
∗
sin4
(
θ
2
)
V −+gg2 V
++
γγ2
∗√ 3
8 sin
2(θ) V −+gg2 V
−−
γγ2
∗√ 3
8 sin
2(θ) V −+gg2 V
−+
γγ2
∗
cos4
(
θ
2
)
 , (16)
5in which V ±±gg2 and V
±±
γγ2 are the ggX2 and γγX2 helicity vertices. We will assume equal vertices for
gluons and photons, and express them in the conventions of Refs. [8] and [9], i.e.,
V +−gg2 = V
−+
gg2 = V
+−
γγ2 = V
−+
γγ2 = c1,
V ++gg2 = V
++
γγ2 =
1√
6
[c1 + 4c2 − i2(c5 − 2c6)],
V −−gg2 = V
−−
γγ2 =
1√
6
[c1 + 4c2 + i2(c5 − 2c6)], (17)
up to a constant factor. In the remainder, c6 will be dropped as it can, in the coupling to massless
particles, not be distinguished from c5. The following non-zero F factors in Eq. (3) are obtained
F1 = 18A
+|c1|2 sin4 θ +A+2
(
1− 6 cos2 θ + 9 cos4 θ)+ 9|c1|4 (1 + 6 cos2 θ + cos4 θ) ,
F2 = 9A
−|c1|2 sin4 θ +A−A+
(
1− 6 cos2 θ + 9 cos4 θ) ,
F3 = 6B
− [A+(3 cos2 θ − 1) + 3|c1|2(cos2 θ + 1)] sin2 θ,
F ′3 = 12 Re(c1c
∗
5)
[
A+(3 cos2 θ − 1) + 3|c1|2(cos2 θ + 1)
]
sin2 θ,
F4 = 18 |c1|2
[
B+ + 2|c5|2
]
sin4 θ, (18)
up to a constant factor and where we have defined A± ≡ |c1 + 4c2|2± 4|c5|2, B± ≡ |c1 + 2c2|2± 4|c2|2.
Results
We will concentrate here on the CS φ distribution and refer for predictions on the transverse momentum
distribution to our Ref. [14]. In addition to our Ref. [14] we will also consider forward Higgs production,
which can be used to search for a CP -violating spin-2 Higgs coupling.
To make numerical predictions we will use the the various coupling scenarios that are defined in
Ref. [9], to which we will add 2+h′ , 2
+
h′′ and 2CPV. The first two scenarios that we add serve as an
example of two spin-2 coupling hypotheses that are indistinguishable in the θ distribution, but do have
a different φ distribution. The last one serves as an example of a spin-2 coupling that violates CP
symmetry. The scenarios are summarized in Table 1.
0+ 0− 2+m 2
+
h 2
+
h′ 2
+
h′′ 2
−
h 2CPV
a1 1 0 - - - - - -
a3 0 1 - - - - - -
c1 - - 1 0 1 1 0 1
c2 - - − 14 1 1 − 32 0 0
c5 - - 0 0 0 0 1 5
Table 1 Various spin, parity and coupling scenarios.
To make numerical predictions we use the same Ansatz for fg1 as described in our Ref. [14]. For
forward Higgs production, we now also need fg1 at x = mH/
√
s exp[±Y ], whereas in the aforementioned
Ref. fg1 was only considered at x = mH/
√
s. Within the range of rapidity that we will consider, |Y | ≤ 1,
we will approximate the shape of fg1 to be independent of x, i.e., in the language of Ref. [14] only A0
depends on x.
The linearly polarized gluon distribution will be expressed in terms of the degree of polarization
P and the unpolarized gluon distribution, i.e., h⊥g1 = P 2M2p/p2Tfg1 . The degree of polarization P, as
function of x and pT , will be calculated using the methods described in Ref. [23].
In Figure 1 we show our prediction for the CS φ distribution for central and forward Higgs pro-
duction. The backward distribution can be obtained from the forward one by replacing φ→ −φ. From
the plot we can see that various spin-2 coupling scenarios produce non-isotropic φ distributions. The
difference from the isotropic spin-0 distribution is of such a size that, with the given collected data
set, it might well be possible to put constraints on various spin-2 coupling hypotheses. Especially the
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Fig. 1 Plot of the CS φ distribution in the process pp→ XiX → γγX for a 125 GeV resonance Xi at a center
of mass energy of 8 TeV, for various Xi coupling scenarios at θ = pi/2 and at Y = 0 (left) and Y = 1 (right).
The upper limit on the qT integration has been chosen as Mh/2. The shaded area is due to the uncertainty in
the degree of polarization.
benchmark scenarios 2h′ and 2h′′ are significantly different from the spin-0 scenario and could there-
fore relatively easily be excluded. The 2CPV benchmark scenario displays a characteristic asymmetric
φ distribution in the forward region that can only be caused by a CP -violating coupling.
Conclusion
We have presented the CS angle φ distribution in the process pp→ XiX → γγX, for Xi a spin-0 and
spin-2 boson with generic couplings, taking into account the fact that gluons inside an unpolarized
proton are partially linearly polarized. Numerical predictions of the φ distribution show that various
spin-2 coupling scenarios differ substantially from the isotropic spin-0 prediction, to an extent that a
measurement of this distribution, based on the current data set collected by ATLAS and CMS, might
already be enough to exclude these scenarios.
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